It has been reported that increased intermittent non-Gaussian uctuations in the instantaneous amplitude of low-frequency heart rate variability (LF-HRV) are related to high mortality risk in cardiac patients. However, little is known about the physiological origin of the amplitude modulation of LF-HRV. The purpose of this study was to clarify the relationship between amplitude modulation of LF-HRV and that of low-frequency blood pressure variability (LF-BPV). Eight normal male subjects performed movie-watching and calculation tasks in a sitting position for 40 min each while electrocardiogram and continuous blood pressure waveforms were recorded. From these signals, we calculated the instantaneous amplitude of the LF-band RR interval (RRILFamp) signal and that of the LF-band systolic blood pressure (SBP) signal (SBPLFamp) via band-pass lter and Hilbert transform. All subjects exhibited signi cant and relatively high positive correlation coef cients between RRILFamp and SBPLFamp in both tasks (mean Pearson correlation coef cient > 0.45). Mean coherence in the 0.01-0.05 Hz band between RRILFamp and SBPLFamp was also signi cant in all but one subject (mean coherence > 0.42). These results indicate a relatively high positive correlation between the amplitude modulation of LF-HRV and that of LF-BPV. We calculated the peak time lags of the cross correlation between RRILFamp and SBPLFamp in the 0.01-0.05 Hz band. A negative peak time lag implies that the amplitude modulation of LF-HRV precedes that of LF-BPV. All subjects exhibited negative peak time lag in the movie-watching task. All but one subject exhibited negative or zero peak time lag in the calculation task. These results imply that the amplitude modulation of LF-HRV precedes that of LF-BPV in the frequency range of 0.01-0.05 Hz.
Introduction
To determine individualized medical treatment regimens for and restrictions of daily life activities in cardiac patients, proper and correct prognosis of mortality risk is necessary [1] . Because heart failure is related to chronic cardiac sympathetic overdrive, it is important to assess sympathetic nervous activity when considering mortality prognosis [2] . Because uctuations of heart rate variability (HRV) patterns have been reported to be associated with autonomic nervous activity, it may be possible to assess sympathetic nervous activity using HRV measurements [3] . The high frequency (HF: 0.15-0.4 Hz) component of HRV has been reported to re ect mainly parasympathetic nervous activity [4] [5] [6] , whereas the low frequency (LF: 0.04-0.15 Hz) component is considered to be due to blood pressure variability (BPV) oscillation with an approximately 10-s period (known as the Mayer wave [7] ) produced via the baroreceptor re ex (baroreex) [8] . Previous pharmacological blockade studies have suggested that the LF component of HRV (LF-HRV) re ects both sympathetic and parasympathetic nervous activity [4, 9] . Thus, it is dif cult to assess sympathetic nervous activity speci cally from the LF component of HRV [10] . It has also been suggested that the LF power of HRV is associated with the barore ex gain and not cardiac sympathetic innervation [11] [12] [13] .
The LF-HRV signal is not stationary (non-Gaussian) and its amplitude varies with time [14] . There are in nite variability patterns against a single value of LF power of HRV. Kiyono et al. [15] have proposed the use of the non-Gaussianity index of HRV as a potential marker of cardiac sympathetic overactivity. This index characterizes the intermittent behavior of the amplitude modulation of HRV. They showed that this index is relatively high in heart failure patients with high mortality risk, while none of other conventional HRV indices are predictive [15, 16] . Moreover, Hayano et al. [17] reported that relatively high non-Gaussianity index of HRV at a scale of 25 s (λ 25sec ) is associated with elevated mortality risk in acute myocardial infarction patients. The λ 25sec is related to the amplitude modulation properties of LF-HRV and can change independent of LF power [18] . Although these studies have demonstrated the association between the non-Gaussianity of the LF-HRV amplitude and the mortality risk of cardiac patients, little is known about the physiological origin of the amplitude modulation of LF-HRV. The rst step toward understanding this phenomenon is to clarify the relationship between the amplitude modulation of LF-HRV and the variability of vascular sympathetic nervous activity. Sugita et al. [19] reported a high correlation between LF-band HRV and LF component of BPV (LF-BPV). However, the variability includes both amplitude modulation and phase modulation. In this study, we discriminated the amplitude modulation from the phase modulation using signal processing techniques such as Hilbert transform [14, 20] . We then applied correlation analysis to the amplitude modulation of LF-HRV time series and that of LF-BPV time series to clarify the relationship between the two.
Methods
Eight normal male subjects (ages: seven in their 20 s and one in his 40 s) participated in this study after giving informed written consent. This study was approved by the medical research ethics committee at Kwansei Gakuin University. Subjects performed (i) a movie-watching task and (ii) a calculation task for 40 min each while sitting on a bed. During the movie-watching task, subjects watched Japanese animation Detective Conan. During the calculation task, two one-digit numbers from 3 to 9 (pseudo-randomly generated from a uniform distribution) were presented on a computer display at 3 s intervals. The subjects were instructed to multiply the two numbers and then sum the two digits of the product and present the result orally. The two tasks were designed to investigate the relationship between the amplitude modulation of LF-HRV and that of LF-BPV under both sympathetic dominant and parasympathetic dominant conditions. The order of the two tasks was counterbalanced.
Electrocardiogram (ECGs), beat-by-beat continuous blood pressure, respiratory rhythm, and photoplethysmogram were recorded during both tasks in all subjects.
Beat-by-beat continuous blood pressure was measured from the right wrist using a tonometric device (JEN-TOW, Colin Electronics, Japan). The physiological signals were digitized at 1 kHz and stored on a hard disk. Only the ECG and beat-by-beat blood pressure waveforms were analyzed in this paper. Figure 1 depicts a ow diagram of the data analysis procedures of this study. Inter-beat (RR) interval (RRI) time series were obtained from the ECG, and systolic blood pressure (SBP) time series were obtained from the maximum blood pressure in each RRI. Both RRI and SBP time series were cubic-spline interpolated and resampled at 2 Hz. To verify whether the autonomic nervous system activity balance of each subject was parasympathetic dominant in the movie-watching task and sympathetic dominant in the calculation task, the ratio of LF to HF power (LF/HF) of the resampled RRI signal was calculated for each subject and task. LF/HF is a conventional sympathovagal balance index [3] [4] [5] [6] .
The resampled RRI and SBP time series were bandpass ltered through a Butterworth lter with a passband 0.04-0.15 Hz to obtain LF-HRV and LF-BPV. The instantaneous amplitude time series of LF-HRV (RRILFamp) and that of LF-BPV (SBPLFamp) were calculated by Hilbert transform [14, 20] . RRILFamp and SBPLFamp data outside the mean ± 3SD range were not used in subsequent analyses. The proportions of outliers were 1.6% ± 0.4% in the movie-watching task and 1.7% ± 0.4% in the calculation task. We applied a fast Fourier transform to both RRILFamp and SBPLFamp time series to obtain the power spectral density (PSD) functions of the signals. To analyze the correlation between RRILFamp and SBPLFamp, Pearson correlation coef cients between the two were calculated for each subject and task. We applied t-test to the Pearson correlation coef cients to test the signi cance. Mann-Whitney U test was performed on the Pearson correlation coef cients of the two tasks to test the signi cant difference between tasks. Coherence functions [21] between RRILFamp and SBPLFamp were calculated for each subject and task, and to determine which RRILFamp and SBPLFamp frequency bands exhibited high correlation. The mean coherence in each 0.01 Hz bin was calculated. To test the signicance of mean coherence, the 95% con dence intervals of the mean coherence of 1000 randomly shuf ed surrogate RRILFamp and SBPLFamp time series were calculated for each subject and task. Since the coherence functions between RRILFamp and SBPLFamp had relatively high values in the 0.01-0.05 Hz band, RRILFamp and SBPLFamp were band-pass ltered through a Butterworth lter with a passband of 0.01-0.05 Hz before calculating the cross-correlation function between the two signals. Peak time lag of the cross-correlation function was obtained for each subject and task to investigate the causality between the amplitude modulation of LF-HRV and that of LF-BPV. A negative peak time lag implies that the amplitude modulation of LF-HRV precedes that of LF-BPV. Table 1 shows the LF/HF ratios of RRI variability in the movie-watching and the calculation tasks. The LF/HF ratios were higher in the calculation tasks than in the movie-watching task in all but one subject. Figure 2 shows the scatter plots of RRILFamp versus SBPLFamp in the movie-watching task and the calculation task for subject S1. Relatively high positive correlation was observed in both tasks. Table 2 summarizes the Pearson correlation coef cients (r) between RRILFamp and SBPLFamp for individual subjects and tasks. All correlation coef cients were statistically signi cant. The mean coef cient was r = 0.45 ± 0.08 for the movie-watching task and r = 0.47 ± 0.13 for the calculation task. There was no signi cant difference between the correlation coef cients of the two tasks (p = 0.58). Figure 3 shows the PSD functions of RRILFamp and SBPLFamp in the movie-watching task for subject S1. Both graphs show that the power concentrates below 0.2 Hz. The same tendency was observed for all other subjects as well as in the calculation task (Fig. 4) . There- 
Results
fore, we analyzed the frequency range below 0.2 Hz in subsequent analyses. Figure 5 shows the mean coherences between RRILFamp and SBPLFamp in the movie-watching and the calculation tasks for subject S4. The mean coherences tended to be higher in the 0.01-0.05 Hz range in both tasks. Tables 3 and 4 summarize the mean coherences between RRILFamp and SBPLFamp in the 0.01-0.05 Hz range, for individual subjects in the movie-watching and calculation tasks, respectively. The mean coherence was 0.45 ± 0.05 for the movie-watching task and 0.42 ± 0.08 for the calculation task. There was no signi cant difference in mean coherence in the 0.01-0.05 Hz range between the two tasks (p = 0.30). The third column in Tables 3 and 4 shows the 95% con dence intervals of the mean coherence in the 0.01-0.05 Hz range calculated from randomly shuf ed surrogate data. The mean coherence between RRILFamp and SBPLFamp in the 0.01-0.05 Hz range was not included in the surrogate 95% con dence interval in all subjects in the movie-watching task (Table 3) , and was not included in the surrogate 95% con dence interval in all but subject S8 in the calculation task ( Table 4) . These results show the signicance of the mean coherence between RRILFamp and SBPLFamp in the 0.01-0.05 Hz range. To investigate the causality between RRILFamp and SBPLFamp in this frequency range, these signals were band-pass ltered before calculating the cross-correlation functions . Figure 6 shows the cross-correlation functions between the 0.01-0.05 Hz band RRILFamp and SBPLFamp in subject S4. The peak time lags were negative in both the movie-watching and calculation tasks. Tables 5 and 6 summarize the peak time lags for individual subjects in the movie-watching task and the calculation task, respectively. All subjects exhibited negative peak time lag in the movie-watching task ( Table 5 ). All but subject S8 exhibited negative or zero peak time lag in the calculation task ( Table 6 ). All peak cross-correlation coefcients were statistically signi cant.
Discussion
In this study, we applied correlation analysis to study the instantaneous amplitude of LF-HRV (RRILFamp) and LF-BPV (SBPLFamp). Pearson correlation coef cients and SBPLFamp (right) in the calculation task for subject S1. between RRILFamp and SBPLFamp were signi cant, positive and relatively high (Fig. 2, Table 2 ). This nding shows that the amplitude modulation of LF-HRV correlates positively with the amplitude modulation of LF-BPV, suggesting the possibility that the amplitude modulation of LF-HRV is related to the variability of blood pressure control activity. The calculation task shifts the autonomic nervous activity balance toward sympathetic dominance when compared to the movie-watching task. This was conrmed by the result that all but one subject showed higher LF/HF ratio of RRI variability in the calculation task compared with the movie-watching task ( Table 1) . There were no signi cant differences in the correlation coefcients between the two tasks ( Table 2) . However, we need to test this nding with a larger number of subjects, since the statistical power of the test is low due to the small number of subjects. Moreover, we need to compare the results from the sympathetic dominant condition and the parasympathetic dominant condition with normal condition (rest task), which will be a subject of further study Power spectral analysis showed that the powers of both RRILFamp and SBPLFamp concentrate below 0.2 Hz (Figs. 3 and 4) . Therefore, we focused our analysis on frequencies below 0.2 Hz in this paper.
Previous studies have reported that HRV exhibits intermittent and non-Gaussian behavior at a scale of 25 s in cardiac patients with a high mortality risk, and proposed the non-Gaussianity index λ 25sec as a prognostic marker [15] [16] [17] . λ 25sec is related to the amplitude modulation properties of LF-HRV [18] . We performed coherence analysis on RRILFamp and SBPLFamp in this study and observed relatively high coherence at the frequency range of 0.01-0.05 Hz (from 20 to 100 s; Fig. 5, Tables 3 and 4) . The scale of λ 25sec [17] is included in this range. This suggests a possibility that the instantaneous amplitude of the LF component of BPV (the Mayer wave [7] ) in cardiac patients with high mortality risk exhibits intermittent and non-Gaussian behavior similar to LF-HRV. To con rm this hypothesis, it is necessary to perform a survival time analysis on follow-up data in a cardiac patient population using the non-Gaussianity index of the amplitude modulation of LF-BPV as an outcome predictor. This is planned in a future study.
The peak time lags of the cross-correlation functions between the 0.01-0.05 Hz band RRILFamp and SBPLFamp were negative in the movie-watching task for all subjects ( Table 5 ). All but one subject exhibited a negative or zero value in the calculation task ( Table 6 ). These observations imply that the amplitude modulation of LF-HRV precedes that of LF-BPV in the 0.01-0.05 Hz frequency range via the feedforward pathway from the heart to blood vessel. Consequently, RRILFamp and SBPLFamp correlate positively, but the amplitude modulation of LF-SBP may not be the origin of the amplitude modulation of LF-HRV. To uncover the causality, a Granger causality test [21] or transfer entropy analysis [22] is required in a future study.
Conclusion
The purpose of this study was to clarify the relationship between the amplitude modulation of LF-HRV and that of LF-BPV. The instantaneous amplitude of the LF-band RRI (RRILFamp) and that of the LF-band SBP (SBPLFamp) showed signi cant and relatively high positive correlation and coherence in the 0.01-0.05 Hz band in both the movie-watching and calculation tasks. The peak time lags of the cross-correlation functions between the 0.01-0.05 Hz band RRILFamp and SBPLFamp had negative values in the movie-watching task in all subjects, while all but one subject exhibited a negative or zero value in the calculation task. These results imply that the amplitude modulation of LF-HRV and that of LF-SBP correlate positively, and that the former precedes the latter in the frequency range of 0.01-0.05 Hz. (84)
